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ABSTRACT
Polymerizable ionic liquid surfactants were synthesized and polymerized,
yielding engineered advanced polymers that can be tailored for diverse applications.
First, 1-(2-acryloyloxyundecyl)-3-methylimidazolium tetrafluoroborate (IL-BF4) was
synthesized and was copolymerized with methyl methacrylate (MMA) via microemulsion
polymerization. The resulting polymer gels can be transformed into porous materials by
anion exchange, and the porosity of the material can be tuned through the solvent
shifting. Second, an ionic liquid composed of a 1-(2-acryloyloxyundecyl)-3methylimidazolium (IL) cation and 2-acryloamido-2-methyl-propylsulfonate (AMPS)
anion was synthesized and polymerized by UV irradiation, and introductory data are
illustrated for humidity sensitive preparations suitable for chemFETs, for proton
conducting polymer electrolyte membranes (PEM) suitable for fuel cell fabrication, and
for lithium ion and silver ion conducting membranes suitable for fast ionic conducting
batteries.
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Chapter 1
Introduction
Ionic liquids (ILs) are salts that melt at or below 100 °C while typical salts melt at
very high temperature. The first ionic liquid ethylammonium nitrate was reported in
1914. Chloroaluminates, the first generation of ILs developed in the 1950s, had limited
application due to their sensitivities to air and moisture. IL research has developed
rapidly since the first air-stable ionic liquid was reported in 1992.1 Ionic liquids typically
consist of quaternary ammonium cations such as imidazolium, pyridinium, pyrrolidium,
ammonium, phosphonium, and sulfonium and of anions with low Lewis basicities, such
as BF4⎯, PF6⎯, CF3SO3⎯ , and (CF3SO2) 2N⎯.2 The wide range of available anions and
cations in combination could provide up to 1018 different room temperature ionic liquids
(RTILs).3 The enormous variety of ILs gives the extensive possibility of applications
dependent on the unique properties controlled by the structures of ILs.
Ionic liquids have very distinctive properties. Some important ones are low
melting point, wide liquid ranges, very low vapor pressure, nonvolatility,
nonflammability, specific solvating strength and solubility, and good ionic conductivity.
Ionic liquids draw their liquid nature from a selection of ionic structures. Their
cations have weak intermolecular force, low symmetry, and a good distribution of charge
while mostly an increasing size of the anion with the same charge reduces the melting
point.4 These factors tend to reduce the lattice energy to form the crystallisation of the
salt.5 Thus the very weak tendencies of ions to coordinate with oppositely charged ions
make them liquid at low temperature, unlike typical salts.
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ILs may be expected to have very high conductivities since they are composed
entirely of ions. Ionic liquids have good ionic conductivity compared with those of
organic solvent/electrolyte systems, especially at elevated temperatures. However, they
have lower conductivities than those of concentrated aqueous electrolyte at room
temperature. The conductivity of any solution does not only depend on the concentration
of charge, but also on the charge mobility. The large amount of ions of ILs reduces the
ion mobility and lowers the conductivity.6
The characteristic properties of ionic liquids provide important applications as
green solvents, analytical extraction solvents, and electrochemical supporting media.7
Ionic liquids are eco-friendly as green solvents due to nonvolatility compared to
conventional solvents, which are often volatile and contribute to air pollution and the
green house effect. ILs also result in less solvent consumption because of being suitable
for reuse. But the commonly used ILs are toxic in nature and are hardly biodegradable,
which are characteristically not intrinsically green. In fact, ILs can be designed to be
environmentally benign, which is the direction research and industry should steer
towards.8
The ionic liquids for specified application can be synthesized accordingly, which
make them designer solvents. It means that their properties can be tuned to suit the
particular request for a process. For example, 1-alkyl-3-methylimidazolium
tetrafluoroborates are water miscible where the alkyl chain length is less than 6 while
they are phase separated with water with alkyls having 6 or above carbon atoms. This
characteristic is very helpful in solvent extraction or product separation.5 One
extraordinary example is that the material yielded by coating colloidal silver on an ionic
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liquid was used in a telescope as a liquid mirror.9 The wide range availability of cations
and anions gives large space for special applications. However, the selection is difficult
since few rules exist to guide marketing choices
ILs have wide electrochemical windows, good conductivity, high ionic mobility,
and broad operating temperature ranges, which make them extremely attractive
candidates as electrolytes in advanced electrochemical devices, such as super capacitors,
lithium batteries, polymer electrolyte fuel cells, and dye sensitized solar cells.10
Although the research about ILs has boomed for the last decades, it’s still in the
very early developing stage. More systematic and theoretical works need to be done for
better understanding and more advanced applications. Some ILs are water-soluble, some
are immiscible with water, and some are amphiphilic, whichmeans being both
hydrophilic and hydrophobic. Theamphiphilicity of ILs makes them work well in
microemulsions as surfactants–a key component of microemulsion systems.
Recently, microemulsions have been investigated as unique and versatile reaction
media for a variety of chemical processes. Microemulsions are optically transparent,
thermodynamically stable solutions of at least three components, which are two
immiscible fluids and a surfactant, and sometimes with a cosurfactant.3 The distinctive
properties of microemulsions are ultra low interfacial tention, large interfacial area,
thermodynamically stability, transparent, and usually low viscosity.
The essential differences between emulsion and microemulsion are their particle
size and stability.11 Microemulsions have a particle size with radii in the 1-50 nm range,
while most common emulsions have a particle size with a radius in 1-10 µm. Emulsions
are kinetically stable and thermodynamically unstable. It ages by coalescence of droplets
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and Ostward ripening since these processes lead to decrease the free energy of dispersion.
The thermodynamic stability of microemulsion is because of the formation of negative
free energy. 11
Though microemulsions are macroscopically homogeneous solutions,
microscopically, they exhibit a variety of structures which can be micelles, micelle
clusters, and bicontinuous structures. In contrast to their ease of preparation, the
characterization of microemulsion is more complicated. The experimental techniques to
characterize the microstructure of microemulsion include electrical conductivity,
viscosity, differential scanning calorimeter (DSC), small-angle X-ray scattering (SAXS),
nucleur magnetic resonance (NMR), freeze-fracture transmission electron microscopy
(FF-TEM), and cryo-field emission scanning electron microscopy (Cryo-SEM).12 Each
method has its advantage and limitation. Multiple methods are applied together to
characterize the complex microstructures of microemulsions.13
The mixture of two immiscible liquids such as water and oil with a surfactant or
cosurfactant produces either two phases or a one phase-micreoemusion. A ternary phase
diagram is employed to illustrate the system. The microstructures in microemulsion may
be water in oil (w/o) droplets, oil in water (o/w) droplets, and bicontinuous interdigitating
fluid domains. In w/o, water droplets surrounded by surfactant are dispersed in a
continuous oil phase. In contrast, oil droplets stabilized by surfactant are dispersed in a
continuous water phase in o/w. A bicontinuous phase has both continuous water and
continuous oil phases, which are separated by a monolayer of surfactant.
In microemusions, surfactants (surface active agents) that exhibit both hydrophilic
and hydrophobic properties play very important roles. In general, there are two types of
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surfactants: nonionic and ionic surfactants. Ionic surfactants include cationic, anionic and
zwitterionic surfactsnts. Sodium lauryl sulfate is an anionic surfanctant and a typical
nonionic surfactant is a nonylphenylethoxylate, which are shown in Figure 1-1.

Figure 1-1. Structures of (upper) sodium lauryl sulfate and (lower)
nonylphenylethoxylate.

There has been a revolution for last two decades to apply microemulsion systems
in many chemical and industry areas. A partial list of applications of microemulsion
system are microemulsions in liquid extraction, in pharmaceuticals, in coatings and
textile finishing, in detergency and cosmetics, in biotechnology, and in microporous
media synthesis.11 A couple of applications presented next show the significance and
potential of microemusion systems.
The coating application is a promising and rapidly growing field of microemusion
technology that is ideal for the desired stable and homogenous final products due to the
stability and small particle size of micreoemulsions. Paints formulated through
microemulsions have demonstrated high scrub resistance, superior color intensity, and
good stain resistance.11 Microemulsions are also used as vehicles to deliver many kinds
of drugs in pharmaceuticals because of their thermodynamic stability, ease of
preparation, excellent solubility capacity, and good appearance.12 Moreover,
5

microemulsions have been utilized to prepare hydro gels and microporous materials with
high surface area.14 The microporous material may be useful in filtration and absorption
applications.
Polymerizable Ionic Liquids in Microemulsion
Microemulsions containing ILs have become an interesting topic. The ionic
liquids may work as each one of three components required to formulate microemsions:
the surfactant, the polar component like water, and the apolar component like oil.15 The
examples of three roles contributed by ILs in microemulsions are demonstrated below.
First of all, one example of ionic liquid-in-oil microemulsion is octylphenol
ethoxylate (alias Triton X-100, as surfactant)/butylmethylimidazolium tetrafluoroborate
(IL)/cyclohexane. All three possible microstructures–oil-in-IL, IL-in-oil, and
bicontinuous phase–were characterized by conductivity measurements. FF-TEM images
of microemulsion samples tell the diameter of droplets from 15-80 nm corresponding
with the molar ration of IL to TX-100 from 0.2 to 1.5.16 Secondly, IL plays an “oil” role
in TX-100/water/1-butyl-3-methylimidazolium hexafluorophosphate (bmimPF6) systems
where bmimPF6 is the continuous phase and in which silica microrods with nanopores are
synthesized. However, in a conventional microemulsion formed by TX-100 comprising
cyclohexane as a continuous phase, only silica nanoparticles were obtained.17 At last, IL
is a surfactant in 1-(2-acryloyloxyundecyl)-3-methylimidazolium bromide (ILBr)/water/methyl methacrylate (MMA) microemulsion where the copolymerization of ILBr and MMA results in nanopartices.14 Here, 1-(2-acryloyloxyundecyl)-3methylimidazolium bromide (IL-Br) IL is a cationic surfactant. The imidazolium bromide
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head group is hydrophilic and the long carbon chain with 11 carbon atoms is
hydrophobic, which give it amphiphilicity essential for a surfactant.
Ionic liquids indeed have versatile functions in microemulsions. Just lately, the
microemulsion comprising an ionic liquid as surfactant and a room temperature ionic
liquid as polar pseudo-phase was reported for the first time, where 1-hexadecyl-3methylimidazolium chloride is surfactant, decanol is cosurfactant, dodecane is a
continuous phase, and either ethylammonium nitrate or 1-butyl-3-methylimidazolium is a
polar immiscible liquid with dodecane. These systems have high thermal stability
compared to traditional microemulsions, which is suited for high temperature
applications.18
Ionic liquids with a long alkyl chain and a polar head exhibiting amphiphilic
properties are surfactants. For example, Figure 1- 2 shows that 1-(2acryloyloxyundecyl)-3-methylimidazolium bromide (IL-Br) and 1-(2acryloyloxyundecyl)-3-methylimidazolium tetrafluoroborate (IL-BF4) are ionic liquids
surfactants. Moreover, they are polymerizable surfactants.
O
CH3
O

N

N

Br⎯

O
CH3
O

N

N

BF4⎯

Figure 1-2. Structures of IL-Br and IL-BF4.
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Microemulsion polymerization has developed rapidly. It has been used to produce
a variety of latex particles, and porous solids and ultrafiltraton membranes have also
been synthesized by polymerization in bicontinuous phases.19 However, one of the
challenges in microemulsion polymerization is to preserve the microstructures of the
microemulsion template while producing polymeric materials. Various approaches such
as choice of initiators, reaction temperature, and monomer concertration have been used
in trying to solve their problem. Among them, the most successful way, is to modify the
molecular structure of surfactants. Using polymerizable surfactant is an effective method
to preserve the microstructures of microemulsions.20
The interest in polymerizable surfactants has increased, owing to their potential
application in particulate encapsulation, softening agents, and microemulsions. These
surfactants play a vital role in the preparation of porous polymeric materials via
microemulsion polymerization. Phase separation during polymerization of microemulsion
system is one of the obstacles in the preparation of transparent polymer materials. It is
believed that using polymerizable surfactants can overcome this problem.21
Polymerizable ionic liquids can be designed and synthesized to work as
polymerizable surfactants in microemusions. It has been observed that polymerizable
surfactants have advantages over traditional surfactants in capturing nanoscopic scale
structures during microemulsion polymerization.20 Yan and Texter used 1-(2acryloyloxyundecyl)-3-methylimidazolium bromide (IL-Br) ionic liquid surfactant in the
microemulsion polymerization of a ternary system including MMA and water.14 The
composition IL-Br/MMA/H20 (0.07/0.07/0.86) resulted in average 30 nm diameter
nanoparticles (nanolatexes) after polymerization.
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In addition, polymerizable ionic liquids after polymerization become part of the
polymer matrix without side effects of traditional surfactants, such as water sensitivity
and immigration to the surface of films causing haze and blooming, while polymeric
materials are incorporated into coatings system.
In this study, the polymerizable ionic liquid, 1-(2-acryloyloxyundecyl)-3methylimidazolium tetrafluoroborate (IL-BF4), was synthesized following Dr. Yan’s
research in Professor Texter’s group. The phase diagram of IL-BF4, MMA and water/1propanol was confirmed and expanded. The microemulsion polymerization was prepared
in NMR tubes as in the previous studies. Preparing thin films as coating applications was
tried here. However, only films above 2 mm thickness were successfully polymerized.
The properties of the films were studied by DSC, TGA, SEM, and DS.
Solution polymerization and dispersion polymerization were studied also. A
series of IL-BF4/MMA compositions polymerized in DMF was investigated. Molecular
weight analysis was performed on the solution homopolymers and copolymers, along
with DSC and TGA analysis. A couple of samples were cast out on glass slides to test for
antimicrobial activity. Finally, IL-BF4/MMA was copolymerized in methylene chloride
and chloroform for easy coating applications. The preliminary data suggest the materials
are excellent primers.
Fast Ionic-conducting Membranes
Ionic liquids are electrolytes containing free ions that behave as an electronically
conductive medium. Electrolytes generally include electrolyte solutions, molten salts, and
solid electrolytes. Although ionic liquids have much lower conductivity than
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conventional aqueous electrolyte solutions, great efforts were made to apply them as
electrolytes due to their nonvolatility and chemical and thermal stability.
In the most recent 10 years, the fast advance of portable electronic devices, e.g.
mobile phones, laptops, and digital cameras demands powerful batteries. This demand
has stimulated the research and development of polymer materials for lithium ion
conducting polymers. Lithium ion battery systems are also very attractive for aerospace
application due to their low weight and high energy capacity.22 Furthermore, ionic
conductivity for protons in polymeric systems is a major focus in the development of
polymer electrolyte membrane fuel cells (PEMFCs).23 Batteries used for small and lightweight electronics require film-like electrolyte materials. Polymer electrolyte membranes
fit as solid electrolytes, which have quite a few advantages: the absence of liquids or
gases that may leach out and damage the cell and a long lifetime because of the good
mechanical resistance of the materials, and a working temperature range larger than that
of liquid electrolyte-based system.2 The function of the batteries depends on
solubilization and mobility of lithium ions in the medium in which the lithium particles
are embedded.
Developing polymer electrolyte membranes that offer high ionic conductivity to
replace the fluid, organic electrolyte has been studied.23 However, pure polymer
electrolytes have very poor conductivity. Some different approaches to increase the ionic
conductivity of the polymer electrolyte membranes are the use of lithium salts with large
and highly flexible anions such as lithium bis(trifluoromethanesulfonyl)imide (LiTFSI);
the addition of nanometric inorganic fillers, e.g. silica; the adding of a small molecular
solvent such as propylene carbonate (PC); and the use of highly amorphous, low
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molecular weight (MW) polymers, for example, polyethylene glycol dimethyl ether. But
the former two still couldn’t obtain the required ionic conductivity at room temperature,
and the latter two decrease the thermal stability of the polymer system because of the
volatility of PC and low molecular weight.24, 25
Polyethylene oxide (PEO) is the typical polymer electrolyte membrane (PEM)
commonly used because of the dipole moment for pseudo solvation to ions and low glass
transition temperature, which help the dissociation of added salts and transportation of
ions respectively.26 However, the PEO systems offer low conductivity below 85 ºC, and
the ether bond degrades gradually at around 160 ºC.22 The development of advanced
materials are demanded. IL-based polymer is a possible solution for fast ion conductivity
without an ether group because ionic liquids have good thermal stability and high ion
conductivity.
Ionic liquids are usually composed of 1:1 cation and anion, which exhibit high
ionic conductivity. They are widely used as new generation electrolytes for
electrochemical devices such as lithium ion batteries, fuel cells, capacitors, and solar cells
specifically due to their high thermal stability, high ionic conductivity, and environmental
compatibility.2 There are three methods to obtain an IL-based polymer electrolyte
membranes. They are mixing ionic liquids with polymers, in situ polymerization in ionic
liquid solvents and polymerization of polymerizable ionic liquids.
First, incorporation of ILs in a polymer matrix is prepared by casting out the
mixture of a polymer, an IL, and a mutual solvent. The IL works as a plasticizer to
decrease the glass transition of the polymer and improve the ionic conductivity. The ionic
liquid plasticizer has fewer tendencies for leaching and excellent migration resistance. It
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has been hypothesized that the presence of an ionic liquid in a polymer electrolyte with
PEO and lithium salt changes the cation transport mechanism. In fact, measurements of
the diffusion coefficient of the lithium cation by pulse-field-gradient NMR prove that the
lithium cations migrate through pathways provided by the ionic liquid.27 Cheng et al.
prepared the polymer electrolyte by mixing PEO (=600,000), LiTFSI, (EO/Li=20) and
PMPyTFSI (an ionic liquid, its structure was shown in Figure 1-1) in acetonitrile, then
casting into a polytetrefluoroethylene (PTFE) mold. The results obtained from DSC and
EIS (electrochemical impedance spectroscopy) indicate that the addition of PMPyTFSI to
the PEO+ LiTFSI electrolyte can decrease their glassy transition temperature and
increase the ionic conductivity. At the high PMPyTFSI concerntration (BMPy+/Li+=1.0),
the ionic conductivity reaches the value of 0.69 mS/cm at 40°C.24

Figure 1-3. Stucture of PMPyTFSI.

In situ polymerization in ILs is another method to obtain an IL-based polymer
electrolyte. Su et al. investigated in situ polymerization of methylmethacrylate (MMA) in
1-butyl-3-methylimadazolium hexafluorophosphate (BMIPF6) at MMA to BMIPF6
weight ratio from 10:1 to 5:5. The resulting polymer gel electrolytes exhibit high ionic
conductivity and sufficient mechanical strength and flexibility, which comply with basic
12

properties for polymer electrolytes. The optimal polymer composition is 5:5 (w/w) of
MMA: BMIPF6, which offer 0.20 mS cm⎯1 of ionic conductivity at 25 °C. The key issues
for this method are the compatibility of the monomer with the ionic liquid, and also the
compatibility of the polymer and the IL.28
These two methods to prepare polymer gels with mobile ions by mechanically
mixing polymer and IL and in situ polymerization in IL certainly increase the ionic
conductivity of polymer systems. However, a severe disadvantage is that ILs migrate
along with the potential gradients. Moreover, there is the possibility of leakage of ILs in
battery technology as organic electrolyte solutions. The zwitterionic liquids, having both
a cation and an anion on one unit, are effective to transport only the target ions.29
On the other hand, the polymerization of ionic liquid itself is very effective to
transport only target ions, to generate carrier ion as well as to improve mechanical
properties. It’s well recognized that the ionic liquid polymers ease the dissociation of
lithium salts in the matrix, but the polymerization of ILs leads to a decrease of ionic
conductivity because it decreases the mobility of ions due to the increase of glass
transition temperature. One solution is to have a flexible spacer-long hydrocarbon chain
between the polymerizable group and pendent imidazolium. High ionic conductivity is
achieved because of the high flexibility of IL domains.30 Ohno et al. synthesized and
polymerized vinylimidazolium-co-vinylsulfonate and vinylimidazolium-co-3-sulfopropyl
acrylate (in Figure 1-4), which have flexible spacers between the anionic charge and
polymer main chain, respectively. The monomers showed high ionic conductivity 3.5 ×
10⎯3 S cm⎯1 and 6.5 × 10⎯4 S cm⎯1 at 30 °C. The corresponding polymers have very low
conductivity below 10⎯9 S cm⎯1 since there are no carrier ions that are fixed on polymer
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chains. The conductivities of polymers containing equal molar LiTFSI were increased to
4 × 10⎯8 S cm⎯1 and 10 ⎯6 S cm⎯1 at 30°C. The conductivity of the latter is 100 times
higher than that of the former. This proves that a flexible spacer can be effective in
improving the ionic conductivity of ionic liquid polymer after addition of salt.

Figure 1-4. Structures of vinylimidazolium-co-vinylsulfonate (1) vinylimidazolium-co-3sulfopropyl acrylate (2).

Another focus of PEM applications is for fuel cells. Fuel cells are energy
conversion devices. They have the possibility to affect significantly and positively many
areas including environment and energy because the only chemical by-product of fuel
cells is water, which is clean. The energy conversion is more efficient, and they also use
hydrogen derived from renewable sources such as wind and solar energy instead of
petroleum. The development of fuel cells for vehicles has focused on polymer electrolyte
membrane fuel cells (PEMFCs), due to their relatively low operation temperature and
short start-up and transient-response time. PEMFCs have the potential to avoid major
problems associated with production and consumption of energy.31 The currently welldeveloped PEMFC technology is based on perfluorosulfonic acid (PFSA) polymer
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membrane such as Nafion as electrolyte.32 One of the essential elements of polymer
electrolyte membrane for PEMFCs is that PEM has to offer proton conductivity while the
others are very similar to those for lithium ion batteries.
In PEMFCs, the proton transportation in water-free organic media requires
structures that reversibly associate with protons. Conductivity arises from proton hopping
between anion groups that are part of the polymer matrix.23 A typical anion is the
sulfonate, which stimulates high proton conductivity. One way to introduce sulfonate into
a polymer matrix is by synthesis using monomers having a sulfonate group, such as 2acrylamido-2-methyl-propylsulfonate (AMPS⎯).32 Poly(IL-AMPS) is a good candidate
as a polymer electrolyte membrane for PEMFCs.

The goal of this study is to develop novel polymeric materials by designing ionic
liquid monomers. In fact, new materials derived from a high charge density polymer are
introduced, exhibiting diverse advanced polymeric material properties due to the high
charge density (~ 257 g/mol charge) and favorable interactions with many solvents,
including room temperature ionic liquids (RTILs), acids, and salts. They may suit
applications for a variety of devices such as sensors, fuel cell membranes, and flexible
battery fabrication. The design of ion binding that facilitates tuning of high temperature
proton conducting materials is also exhibited.

Figure 1-5. Structure of IL-AMPS.
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First, the reactive ionic liquid 1-(2-acryloylloxyundecyl)-3-methylimidazolium 2acrylamido-2-methyl-propylsulfonate (IL-AMPS) shown in Figure 1-5 was designed and
then synthesized successfully after investigating a couple of synthesizing route
approachs. Both the cation and anion of IL-AMPS have reactive acrylic carbon double
bonds, which could polymerize to generate polymer with all ions attached to polymer
chains. Also, the cation has eleven methylene groups between the acrylic group and
imidazolium as a spacer, which provides hydrophobicity and flexibility in the polymer
matrix. On the other hand, the imidazolium head offers tunable hydrophilicity and
interacts strongly with hexafluorophosphate anions. Moreover, the anion, a sulfonate
group, offers high protonic conductivity.
The polymerization of IL-AMPS could be readily performed by ultraviolet (UV)
irradiation without any photo initiators. UV curing is known to produce more thermally
stable electrolyte films, and thermal stability is an important requirement for polymer
electrolyte membranes. The dielectric properties of poly(IL-AMPS) were studied mainly
in four systems: poly(IL-AMPS) loaded with solvents-water, methanol, and RTILs;
poly(IL-AMPS) loaded with acids-hexafluorophosphate acids and triflate acids; poly(ILAMPS) loaded with lithium and silver salts; and poly(IL-AMPS) crosslinked with
polyethylene glycol diacrylates and loaded with lithium salts. The dielectric spectra of all
polymer materials were measured by a dielectric spectrometer (a Novocontrol BDS
concept 80 system).
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Chapter 2
Experimentals
2.1 Materials
Acryloyl chloride (96%), 11-bromoundecanol (98%), triethylamine (99.5%), 1methylimidazole (99%), 2,6-di-tert-butyl-4-methylphenol (minimum 99% GC, powder),
and 2,2’-azobisisobutyronitrile (AIBN, 98%) were purchased from Aldrich.
Methyl methacrylate (MMA, 99%, 10 – 100 ppm monomethyl ether
hydroquinone inhibitor added) was purchased from Aldrich. Aluminum oxide (activated,
Brockmann I, standard grade, ~ 150 mesh, 58 Å), an inhibitor remover, and neutral
aluminum oxide (activated, Brockmann I, standard grade, ~ 150 mesh, 58 Å) used during
the synthesis of IL-Br, silica gel (200-400 mesh, 60 Å, for column chromatography) were
obtained from Aldrich.
Sodium bicarbonate, magnesium sulfate (anhydrous, reagent grade, ≥ 97%),
potassium hexafluorophosphate (KPF6, 98%), sodium tetrafluoroborate (NaBF4, 98%),
and silver (I) oxide (99%, reagent plus) were purchased from Aldrich.
Tetrahydrofuran (THF, anhydrous, ≥ 99.9%, inhibitor free), N,Ndimethylformamide (DMF, 99%), chloroform (≥ 99.8%), and1-propanol (≥ 99.9%,
HPLC grade) were obtained from Aldrich. Methylene chloride (stabilized, HPLC grade)
and diethyl ether were purchased from Fisher Scientific. Chloroform-d (CDCl3, 99.8
atom % D) was purchased from Acros Organics.
Ethylammonium nitrate (> 97%), and1-butyl-3-methylimidazolium
tetrafluoroborate (BMIM BF4, 99%) were purchased from Iolitec, Germany.
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2-Acrylamido-2-methyl-1-propanesulfonic acid (HAMPS, 99)
hexafluorophosphate acid (HPF6, 60 wt.% aqueous solution), lithium trifluoromethane
sulfonate (CF3SO3Li, 99.995%), lithium hexafluorophosphate (LiPF6, ≥ 99.99%), and
silver p-toluenesulfonate (CH3C6H4SO3Ag, 99+%) were purchased from Aldrich.
Polyethylene glycol (200) diacrylate (PEDA 200) and polyethylene glycol (400)
diacrylate (PEDA 400) were obtained from Sartomer.
2.2 Methods/Experiments
2.2.1 Synthesis of 11-bromoundecylacylacrylate
11-Bromoundecylacylacrylate was made by adding acryloyl chloride to 11bromoundecanol with triethylamine as a neutralizer. The reaction mixture was stirred for
2 days under nitrogen atmosphere at room temperature. See Section 3.1 for details.
2.2.2 Synthesis of IL-Br
11-Bromoundecylacylacrylate and 1-methylimidazolium (IL-Br) was stirred for 2
days under nitrogen atmosphere at 40 °C. See Section 3.2 for details.
2.2.3 Synthesis of IL-BF4
IL-Br and sodium tetrafluoroborate was stirred under nitrogen atmosphere at
room temperature for 2 days. See Section 3.3 for details.
2.2.4 Synthesis of IL-AMPS
Excessive silver (I) oxide was added into a 40% 2-acrylamido-2-methyl-1propanesulfonic acid (HAMPS) water solution to prepare AgAMPS. The stoichiometric
amount of IL-Br was added into the silver salt solution. After removal of silver bromide
by a centrifuge, the resulting IL-AMPS solution was dried in a vacuum oven to yield a
white wax solid. For details see Section 6.1.
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2.2.5 IL-BF4/MMA/water/1-propanol Microemulsion Polymerization
A microemulsion consisting of IL-BF4 (15 wt%), MMA (15 wt%), 1-propanol (35
wt%), and H2O (35 wt%) was initiated with 2,2-azobisisobutyronitrile(AIBN, 0.5 wt%
respectively to monomers) and heated at 60 °C for 8 hours. Ethylene glycol
dimethacrylate (EGDMA, 2 wt% respectively to monomers) was added as a crosslinker.
2.2.6 IL-BF4/ MMA/DMF Solution Polymerization
A series of IL-BF4 and MMA copolymers were polymerized in DMF by thermal
initiation at 60 °C for 20 hours with AIBN as an initiator. The resulting polymers were
precipitated in excessive diethyl ether or methanol, then were dried in vacuum ovens at
elevated temperature.
2.2.7 IL-BF4/MMA/CHCl3 Dispersionsion Polymerization
IL-BF4/MMA (1:1 w/w) dissolved in methylene chloride (10:90 w/w) was
polymerized at 60 °C for 20 hours with 0.5 wt% AIBN respect to total monomers,
resulting in a polymer solution.
2.2.8 IL-BF4/ MMA/CH2Cl2 Solution Polymerization
IL-BF4/MMA (1:1 w/w) was dissolved in chloroform (10:90 w/w) and
polymerized at 60 °C for 20 hours with 0.5 wt% AIBN respect to total monomers
resulting polymer suspension.
2.2.9 IL-AMPS UV Polymerization
IL-AMPS mixed with water or other solvent was transferred into circular cells
that were machined on the top of TEFLON blocks. The blocks were put into a dessicator
to dry solvents used, and then the block was passed on the UV Fusion belt at a speed
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setting of 30 feet/minute about 10-15 times. The samples were turned over and were
passed through the UV expose system another 10-15 times until tackiness was gone.

2.2.10 Proton Nuclear Magnetic Resonance (1H NMR)
1

H NMR structural analysis of 11-bromoundecylacrylate, IL-Br, IL-BF4 and IL-

AMPS was performed on a JEOL 400 MHz NMR. Samples were prepared by dissolving
10-20 mg of analyte in CDCl3 in a 5 mm O.D. NMR tube.
2.2.11 Capillary Melting Point Determination
A small amount of sample was introduced into a 1.5 x 90 mm Pyrex melting point
capillary tube by inverting the tube and tapping it against the sample. The bottom of the
capillary tube was tapped to allow the sample to settle at the bottom. The capillary tube
was inserted into the oil bath of a Uni-Melt Capillary Melting Point Apparatus (Thomas
Scientific). The heating rate was controlled by adjusting the heating dial, which was set
at 1. Temperature was monitored by a backlit thermometer suspended in the stirring oil
bath. Sample melting was monitored through a magnifying glass attached to the
instrument in front of the oil bath viewing window.
2.2.12 Fisher-John Melting Point Determination
A small amount of sample was put between two 18 mm diameter circular glass
cover slips, which were then placed on the heating block of a Fisher-Johns apparatus. The
melting was observed through the attaching magnifying glass and the temperature was
monitored with the thermometer connected to the heating block.
2.2.13 Differential Scanning Calorimetry (DSC)
DSC analysis was performed on a TA Instruments DSC Q2000. A sample was
encapsulated into a Tzero aluminum pan, which is either Tzero aluminum standard pan or
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Tzero aluminum hermetic pan, dependent on the sample property. Solid samples without
water or solvent retention require the standard pan; liquid or solid samples with water or
solvent retention need the hermetic pan. DSC analysis was used to determine melting
point (Tm) or glass transition temperature (Tg). All samples were subjected to the heat/
cool/heat cycle. First, a sample was heated up to a certain temperature higher than
assumed Tg / Tm and was held isothermally 5 minutes to erase the previous thermal
memory; then the sample was cooled down to a desired temperature lower than Tg / Tm
and was held for 10 minutes isothermally. Finally, the sample was heated up again to the
upper temperature, which was definitely lower than the decomposition temperature. All
data were obtained during the second heating interval.
2.2.14 Thermogravimetric Analysis (TGA)
TGA analysis was performed on a TA Instruments TGA Q500. A sample was put
into a DSC aluminum pan, which was put into a platinum TGA pan. Then the sample was
heated to 580 °C at a rate of 20 °C /minute. The decomposition temperature was reported
at 5% weight loss.
2.2.15 Scanning Electron Microscopy (SEM)
SEM analysis was performed on a Hitachi S-3400N scanning electron
microscope. All materials were sputter coated with gold on a Denton Vacuum Desk IV
Gold Sputter/Etch unit to reduce surface charging by the electron beam. Samples were
freezing fractured using liquid nitrogen to obtain fresh cross-sections.
2.2.16 Dielectric Spectroscopy (DS)
Dielectric spectra were obtained using a Novocontrol BDS concept 80 broadband
dielectric spectrometer system. Samples having diameters of 20 mm were sandwiched
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between a 20 mm and 35 mm in diameter circular gold-coated electrodes (which were
about 2 mm thick) to carry out the measurements.
2.2.17 Molecular Weight Determination of IL-BF4/MMA Copolymers
Molecular weight analysis of IL- BF4/MMA copolymers by size exclusion
chromatography (SEC) was performed by Dr. Thomas Mourey and Lisa Slater at
Eastman Kodak Company, Rochester, NY.
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Chapter 3
Synthesis and Characterization of IL-BF4
It takes 3 steps to synthesize IL-BF4, which are shown in Figure 3-1.
O

O
Cl

+

HO

Br

O

Br

N

N

O
+
N

O

N

_
Br

NaBF4

O
O

+
N

N

_
BF4

Figure 3-1. Reaction scheme of IL-BF4. The first reaction involves the addition of
acryloyl chloride to 11-bromoundecanol to yield the 11-bromoundecylacrylate. The
second step involves the addition of 1-methylimidazole to yield IL-Br. The third step
involved the addition of NaBF4 to yield IL-BF4.
3.1 Synthesis of 11-Bromoundecylacylacrylate
First, 25.12 g (100 mmol) 11-bromoundecanol was dissolved in 100 ml THF in a
three-neck 500 ml round bottom flask in an ice bath under nitrogen atmosphere.
Triethylamine (12.14 g, 120 mmol) dissolved in 100 ml THF was added to the solution.
Next, 9.7 ml acryloyl chloride (120 mmol) was added to 100 ml THF by syringe, which
was then added dropwise to the stirring mixed solution by addition funnel. The ice bath
was removed after addition of acryloyl chloride was completed. The flask was covered
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with aluminum foil to avoid light exposure and was stirred under nitrogen atmosphere at
room temperature for 2 days.
After 2 days, the white salt precipitate was removed by filtration. The filtrate was
washed three times with 2% sodium bicarbonate water solution in a 500 ml separatory
funnel. The washed filtrate was dried overnight with anhydrous magnesium sulfate. The
dried filtrate was diluted with 100 ml methylene chloride and passed through a gravity
column containing approximately 1 inch of neutral alumina. Solvent was removed by
rotary evaporation at 45 °C, resulting in a light yellow liquid. 11-bromoundecylacrylate
structure was confirmed by 1H NMR. 1H NMR (400 MHz, CDCl3, δ): 1.30 (m, 14H, CH2(CH2)7CH2-), 1.65 (m, 2H, -OCH2CH2(CH2)7-), 1.85 (m, 2H, -(CH2)7CH2CH2Br),
3.40 (t, 2H, -CH2CH2Br), 4.10 (t, 2H, -OCH2CH2(CH2)7-), 5.80 (1H, CH2=CH-), 6.10
(1H, CH2=CH-), 6.40 (1H, CH2=CH-).
3.2 Synthesis of IL-Br
11-Bromoundecylacrylate (18.24 g, 60 mmol), 1-methyimidazole (5.90 g, 72
mmol), and 0.0055 g 2,6-di-tert-butyl-4-methyphenol, inhibitor to prevent
polymerization, were stirred for 2 days under nitrogen atmosphere in a 40 oC water bath.
The viscous liquid was washed with diethyl ether 3 times in a separatory funnel and then
was diluted in 100 ml methylene chloride and passed through 1 inch of neutral alumina in
a gravity column. The filtrate was transfered to a Petri dish to precipitate under a
ventilated hood. The precipitate was washed with diethyl ether by filtration and was dried
in a vacuum oven for a few hours. The resulting ionic liquid was white solid. The IL-Br
structure was confirmed by 1H NMR. 1H NMR (400 MHz, CDCl3, δ): 1.30 (m, 14H, CH2(CH2)CH2-), 1.65 (m, 2H, -OCH2CH2(CH2)7-), 1.85 (m, 2H, (CH2)7CH2CH2N-), 4.10
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(m, 2H, -OCH2CH2(CH2)7-), 4.10 (m, 3H, -N-CH3), 4.30 (t, 2H, -CH2CH2N-), 5.80 (1H,
CH2=CH-), 6.10 (1H, CH2=CH-), 6.40 (1H, CH2=CH-), 7.25 (d, 1H, -NCHCHN-), 7.35
(d, 1H, -NCHCHN-), 10.60 (s, -NCHN-). IL-Br melting point was checked for each
batch, which averages 48±4 °C.
3.3 Synthesis of IL-BF4
IL-Br (15.48 g, 40 mmol) was dissolved in 100 ml dry acetonitrile and was
stirred with NaBF4 (5.50 g, 50 mmol) under nitrogen at room temperature for 2 days. The
precipitate was removed by filtration, and the filtrate was concentrated using a rotary
evaporator. The concentrated filtrate was diluted with 100 ml methylene chloride and
filtered through a short column of silica gel. Solvent was evaporated at room temperature
under a ventilated hood to precipitate the ionic liquid. After dried in a vacuum a couple
of hours at room temperature, the resulting ionic liquid obtained was a white powdery
solid. IL-BF4 structure was confirmed by 1 H NMR. 1 H NMR (400 MHz, CDCl3): 8.78
(1H, m, N–CH–N), 7.34–7.25 (2H, s, N–CH=CH–N), 6.36–6.35 (1H, m, CH2=CH),
6.14–6.11 (1H, m, CH2=CH), 5.81–5.79 (1H, m, CH2=CH), 4.15–4.10 (2H, t, N–
CH2(CH2)10O–), 3.99 (3H, s, N–CH3), 1.85–1.84 (2H, t, N–CH2(CH2)10O–), 1.66–1.62
(2H, m, –OCOCH2CH2), 1.30–1.24 (14H, m, –CH2CH2(CH2)7CH2CH2–).
3.4 Characterization of IL-BF4
3.4.1 Determination of IL-BF4 Melting Point
The melting point of IL-BF4 was checked by both capillary method and DSC for
each batch. It is about 36±3 °C and is lower than the melting point of IL-Br (48±4 °C).
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3.4.2 Solubility of IL-BF4
IL-BF4 has very low solubility in water, much lower than IL-Br in water due to
the increasing hydrophobicity of counterion. It dissolved very little in water and saturated
at 0.33 wt% at room temperature. Also it dissolves very little in diethyl ether. However,
IL-BF4 has good solubility in methanol and methylene chloride. Methanol solution at
35.9 wt% and 44.4 wt% methylene chloride solutions are not saturated.
3.4.3 Phase diagram of IL-BF4/MMA/water/1-propanol
1-propanol was chosen to be cosurfactant. The phase diagram at 25 °C confirmed
with Professor Texter and Dr. Yan’ work “Solvent-Reversible Poration in Ionic Liquid
Copolymers,” Angew. Chem. Int. Ed. 2007, 46, 2440 –2443. Furthermore, the phase
diagram was constructed at 60 °C.

Figure 3-2. Ternary phase diagram for IL-BF4/MMA/ water-1-propanol (1:1, w/w)
system at 25 °C and 60 °C.
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In Figure 3-2, The filled squares of the upper curve denote the boundary at 25 °C,
the shaded domain is the single-phase microemulsion domain, and the multiphase domain
is unshaded below the illustrated boundary curve and above the water/MMA axis. The
corresponding boundary at 60 °C is the lower of the two. The protrusion of the singlephase microemulsion domains was not investigated above 75% (w/w) surfactant.
3.4.4 Stability (TGA)
The thermal stability of IL-BF4 was investigated with TGA. The sample was
heated to 550°C with a heating rate of 20 °C /min. Compared to IL-Br, which starts to
decompose at 210 °C, IL-BF4 has better thermal stability because it starts to decompose
at 360 °C.

Figure 3-3. TGA overlay of IL-Br and IL-BF4.
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Chapter 4
Microemulsion Polymerization and Characterization of IL-BF4/MMA/water/1propanol
4.1 Polymerization
IL-BF4 (15 wt%), MMA (15 wt%), 1-propanol (35 wt%), and H2O (35 wt%) were
mixed in a vial 22 mm diameter by a vortex shaker to prepare the microemulsion. Also
2,2-azobisisobutyronitrile (AIBN, 0.5 wt% respect to monomers) and ethyl glycol
dimethylacrylate (EGDMA, 2% respect to monomers) as a crosslinker were added. After
purging with nitrogen through a needle into the mixture for about 20 minutes to replace
oxygen, which may inhibit polymerization, the vial with was put into a 60°C oil-bath for
8 hours. The resulting hydrogel was transparent circular film in 2-3 mm thickness. An
attempt to prepare a thinner film didn’t succeed.
4.2 Characterization
4.2.1 Porous formation by Ion Exchange and Porous Reversibility by Solvent
Exchange
In Figure 4-1, the resulting hydrogel, which was transparent, turned to opaque
after being immersed in 0.1 M aqueous KPF6 solution. The opaque film became
transparent after being immersed in dimethyl sulfoxide (DMSO); then the gel converted
to an opaque film again after being immersed in water. Pictures with a second cycle of
solvent-change are illustrated also.
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Figure 4-1. Pictures of the thick film from a polymerized microemulsion and after
treatment with aqueous 0.1M KPF6, DMSO, and H2O.

4.2.2 Scanning Electron Microscopy (SEM)
Corresponding to the pictures in Figure 4-1, the polymer materials were
investigated by SEM to check the microstructures of polymeric materials.
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Figure 4-2. SEM images of films: A, B are fresh-fractured cross-section of hydrogel, C
and D are the SEM samples kept in a 0% RH ( relative humidity) dessicator for 10 days
after the initial imaging.

The images of transparent gel in Figures 4-2 A and B show that it had uniform
grain, which may result from solvent evaporation under vacuum during gold sputtering
and SEM examination. It is clearly seen that the grain in Figure A and B was slight and
shallow due to short evaporation time of solvent, which is about 30 minutes in vacuum.
The grain in Figures C and D was vivid and deep because of complete loss of solvents
after the sample was kept in a 0% RH ( relative humidity) dessicator for 10 days after the
initial imaging.
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Figure 4-3. SEM images of gel films treated in aqueous 0.1M KPF6: A and B are the
transparent gel in aqueous 0.1M KPF6 for 16 hours, C and D are the gel in aqueous 0.1M
KPF6 for 3 weeks.
The transparent gel about 2-3 mm thick turned to opaque after immersion in
aqueous 0.1M KPF6 for 16 hours, but it was found that the middle part was still clear
after the opaque film was fractured in liquid nitrogen. It meant that ion-exchange wasn’t
complete, which was confirmed by the SEM examination. The SEM images in Figures 43, A and B for the opaque film with 16 hours of ion exchanging illustrate porous
formation, and also the pores were isolated. The film in C and D ion-exchanged for 3
weeks had much more pores. In aqueous KPF6 solution, the BF4¯ in the hydogel was
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exchanged by PF6¯, the polymer matix with PF6¯ had local phase seperation and
condensed on themselves due to the hydrophobicity of PF6¯, which formed pores.34
Before the polymerization, the IL-BF4, polymerizable surfactant, is sited along the
interface between aqueous and MMA nanodomains. And the microstructure of
microemulsion was preserved during polymerization. In aqueous KPF6, the IL moiety of
copolymer was changed from BF4¯ to PF6¯. This transformed the copolymer from a
hydrophilic gel to being hydrophobic due to hydrophobicity of PF6¯, which caused the
shrinkage at the interface to form pores.

Figure 4-4. SEM images of films treated for 90 minutes in DMSO after being in aqueous
0.1M KPF6 3 weeks.
Figure 4-4 demonstrates the SEM images of recovered polymer gel from DMSO.
Almost all of pores were closed. The DMSO swelling of IL surfactant in copolymer
block healed the pores.
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Figure 4-5. SEM images of dried film: the opaque film, which derived from the
polymerized transparent gel ion-exchanged in aqueous 0.1M KPF6, was dried in vacuum
oven at 90°C overnight, then kept in a dessicator for 9 months.

After the opaque film derived from the transparent gel ion-exchanged in aqueous
KPF6 was dried in vacuum oven at 90°C overnight, it turned to translucent. The SEM
images in Figure 4-5 may tell why it isn’t opaque anymore. The majority of pores
disappeared but a few were left. After being completely dried, the pores caused by the
shrinkage of the polymer due to the hydrophobicity of PF6¯ stretched out. There was no
water left to cause the shrinkage after drying, and the high temperature used for drying
off solvents may help the polymer matrix move more freely.
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Chapter 5
Polymerization and Characterizaiton of IL-BF4/MMA in DMF, CHCl3, CH2Cl2
5.1 Solution Polymerization and Characterizaiton of IL-BF4/MMA in DMF
To study how the properties of the copolymer of IL-BF4/MMA related to their
composition, a series of solution thermal polymerizations with different ratios of IL-BF4
and MMA were carried out in an effort to see if they would dissolve in a suitable solvent
for molecular weight analysis, such as DMF.
5.1.1. Polymerization
For each copolymerization of IL-BF4 and MMA, 1 g of total monomers was
dissolved in 9 g DMF to keep the total monomers content at 10% (w/w), and 5 mg of
AIBN was dissolved in each solution. The solution was mixed thoroughly before being
heated at 60°C overnight. The resulting transparent polymer solution was precipitated by
adding the solution dropwise to excessive diethyl ether. The white precipitate was
isolated by removal of the diethyl ether with pipette after centrifugation and then was
dried in a vacuum oven to remove the remaining solvent.
5.1.2 Molecular Weight Analysis
Successful elution was achieved using 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP)
along with tetraethylammonium nitrate (TEAN). Light scattering detection, via a
differential refractive index detector, was used to obtain the average molecular weights of
the solution copolymer series. Number average (Mn), weight average (Mw), and Zaverage (Mz) molecular weights for each sample are shown in Table 1. Mn values
obtained by calculations involving PMMA-equivalent polydispersity (PDI) are also
included. These values were calculated by finding the PMMA-equivalent polydispersity
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(Pw/Pn) through use of a PMMA standard calibration curve and dividing the copolymer
Mw by that value.
The poly(IL-BF4/MMA) copolymer series showed relatively similar molecular
weights that are around 100,000 g/mol, until IL-BF4 reached 70% (w/w). From this point
Mw starts to decrease with increasing IL-BF4 content. The IL-BF4 homopolymer Mw is
much smaller than Mw of copolymers.

Table 5-1. Molecular Weight Analysis and Glass Transition Temperature of polymers
IL-BF4 (wt %)

Mn

Mw

Mz

Mn (PDI)

Tg (°C)

1

56300

111000

172000

58500

118.55

2

62450

120000

191000

64800

124.56

4

46150

114500

194000

61500

105.04

6

52750

123500

114000

65300

114.26

8

53700

125500

212000

65900

113.13

10

24900

103500

179500

47600

108.48

12

41500

104000

176000

51400

116.09

14

56650

109000

177500

54000

103.93

20

38200

134500

218500

56500

98.73

30

50000

97950

159000

43900

87.02

40

26800

103000

188500

40200

66.87

50

45650

98800

169000

41200

48.25

60

26100

95150

195000

41600

29.24

70

31550

78150

162000

34300

-5.08

80

14550

60050

127500

25100

-8.76

90

16050

41900

91150

18500

-18.20

100

1263

18600

117000

12900

-26.73
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5.1.3 Differential Scanning Calorimetry (DSC) Analysis
The glass transition temperatures (Tg) of copolymers analyzed by DSC were also
listed in Table 1. The tendency is that Tg decreases as IL-BF4 content increases because
increased free volume and increased chain flexibility caused by increased IL-BF4 in
copolymer decreases Tg. Interestingly, the homopolymer presented two Tgs and Tm
(melting point) which is around room temperature. A few batches of homopolymer were
prepared, but the melting points of them were from 19-40 ºC. It’s difficult to reproduce
due to factors such as the nature of molecular weight of polymer, polymerization
temperature control, the procedure of isolating polymer from solution. Further study may
be rewarding with liquid ionic liquid polymers.
5.1.4 Thermogravimetric Analysis (TGA)
TGA analysis was performed with the series of the copolymer in Table 1
including PMMA and homopolymer polyIL-BF4. Apparently, polyIL-BF4 has better
thermal stability than PMMA and also the trend, the thermal stability of copolymer
increases with increasing content of IL-BF4, is observed. The partial TGA graphs were
presented in Figure 5-1.
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Figure 5-1. TGA analysis of solution polymerized IL-BF4/MMA copolymers.

5.2 Suspension Polymerization and Characterization of IL-BF4/MMA/CHCl3
It was difficult to form films by solvent evaporation with the polymer materials
prepared in DMF solution. Chloroform was chosen as a solvent because it could dissolve
the polymer samples isolated from DMF and had a more suitable evaporation rate.
5.2.1 Polymerization and Film Formation
For easier film formation, copolymerization of IL-BF4 and MMA (1:1, w:w) was
done in chloroform (90 wt%) with 0.5% AIBN at 60°C overnight after degassing oxygen
with a nitrogen purge. The resulting suspension suggests that the polymer wasn’t soluble
in chloroform. However, further study was carried out with film formation and the
properties of films formed. In Figure 5-5, picture A shows that transparent film was
formed by adding one drop of copolymer suspension on a piece of glass with a pipette
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after solvent evaporation. Picture B shows that the clear film in A turned opaque after
being treated in aqueous 0.1M KPF6.

A

B

Figure 5-2. Pictures of suspension polymerized film. A is formed by adding one drop of
copolymer suspension on a piece of glass with a pipette, B is A treated in aqueous 0.1M
KPF6

Thin films were formed by casting the poly(IL-BF4-MMA) chloroform
suspension in a TEFLON mold and drying at ambient condition. The mold consisted of a
12.8 x 7.8 x 3.6 cm block of TEFLON with several 5.0 x 1.2 cm rounded edge rectangles
cut into the top of the block in varying depths. The films formed were clear and could be
peeled off the mold. They turned to opaque after being immersed in aqueous 0.1M KPF6.
The properties of these films were analyzed with DSC, TGA, and SEM.
5.2.2 Differential Scanning Calorimetry (DSC)
DSC was performed with both poly(IL-BF4-MMA) and poly(IL-PF6-MMA) after
the films were dried in a vacuum oven around 65°C overnight. The Tg values found were
-29°C and -21°C, respectively.
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5.2.3 Thermogravimetric Analysis (TGA)
TGA data in Figure 5-3 tell that both poly(IL-BF4-MMA) and poly(IL-PF6MMA) start to decompose at 360°C with 5 % weight loss.

Figure 5-3. TGA graphs of poly(IL-BF4-MMA) and poly(IL-PF6-MMA)

5.2.4 Scanning Electron Microscopy (SEM)
The film was dried in ambient conditions and yielded a film with a thickness of
about 0.3 mm. SEM images in Figure 5-4 illustrate that the cross section of poly(ILBF4/MMA) (Figure 5-4-A) has spaghetti structure. The fresh film after ion exchange in
KPF6 (Figure 5-4-B) has more pores than the same film dried in ambient condition
(Figure 5-4-C). Overall, all the films have pores, which suggests they could be tuned to
perform as superior primers, filters, and composite templates.
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A

B

C

D

Figure 5-4. SEM pictures of poly(IL-BF4-MMA) and poly(IL-PF6-MMA) films. A is the
film of poly(IL-BF4-MMA); B is A treated in aqueous 0.1M KPF6 then dried in ambient
condition for 2 hours; C is A treated in aqueous 0.1M KPF6 then dried in ambient
condition for 3 days; D is C with higher magnification.

5.3 Solution Polymerization and Characterization of IL-BF4/MMA in CH2Cl2
Although the polymer materials prepared in chloroform may be promising as
porous primers, it is inconvenient to apply polymer suspensions. Polymerization of ILBF4/MMA in methylene chloride was done to produce polymer solutions.
5.3.1 Polymerization
After purging nitrogen into the solution of IL-BF4/MMA/CH2Cl2 (5/5/90, w/w/w)
for ten minutes, the polymerization was carried out in 60 ºC oil-bath overnight. AIBN
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(0.5wt%, respectively to monomers) was used as an initiator. The clear solution obtained
means that the copolymer is soluble in methylene chloride.
5.3.2 SEM Analysis
The poly(IL-BF4-MMA) methylene chloride solution was cast out using a
TEFLON mold. After a couple of days drying, the resulting film was examined under
SEM. In Figure 5-5, A and B are images of the dried film after casting. It had great
regular pattern of “knot.” C and D were obtained after the film was immersed in aqueous
0.1M KPF6. It had some big pores. Such films also hold promise as porous primers.

A

A

B

C

D

Figure 5-5. SEM images of film solution polymerized in methylene chloride. A and B
are images of the dried film after casting. C and D were obtained after the film was
immersed in aqueous 0.1M KPF6.
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Chapter 6
Synthesis and Characterization of IL-AMPS
1-(2-Acryloylloxyundecyl)-3-methylimidazolium 2-acryloamido-2-methylpropylsulfonate (IL-AMPS) is an ionic liquid that has 1-(2-acryloylloxyundecyl)-3methylimidazolium (IL) as cation and 2-acryloamido-2-methyl-propylsulfonate (AMPS)
as anion. Its structure is shown in Figure 6-1. Both cation and anion of IL-AMPS have
reactive carbon double bonds that could polymerize to generate polymer with all ions
attached to the polymer chains. Also the cation has eleven methylene groups between
acrylic group and imidazolium as a spacer, which provides hydrophobicity and flexibility
in a polymerized matrix. On the other hand, the imidazolium head offers hydrophilicity
and interacts strongly with hexafluorophosphate anion added while fabricated with acids
and salts for better fuel cells and batteries applications. Moreover, the anion, having
sufonate group, offers high protonic conductivity.

Figure 6-1. Structure of IL-AMPS.

6.1 Synthesis of IL-AMPS
6.1.1 Preliminary Attempts
First, equal molar 1-(2-acryloylloxyundecyl)-3-methylimidazolium bromide and
sodium 2-acrylamido-2-methyl-1-propanesulfonate (NaAMPS, 50 wt% aqueous solution)
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were mixed to have clear solution. Diethyl ether, which is immiscible with water, was
added to extract the desired ion pair IL-AMPS out of water. Little product was collected
after drying the solvent. Though sodium bromide was added to enforce the extraction
resulting in 36% yield, this method is not efficient.
Since IL-BF4 was produced through IL-Br ion exchanging with sodium bromide
in acetonitrile, we asked if it is possible that IL-Br ion exchanges with NaAMPS to have
IL-AMPS. The conversion was 36.8% after 22 hours stirring the mixture of equal molar
IL-Br and NaAMPS with acetonitrile.
+

6.1.2 Ag Titration
2-Acrylamido-2-methyl-1-propanesulfonic acid (2.07 g,10 mmol HAMPS) was
dissolved in 3.00 g DI water. Then silver (I) oxide (1.17g, 11 mmol) was added into the
solution. The mixture was shaken vigorously. The excessive silver oxide was left behind
by decanting the supernatant after centrifugation. IL-Br (3.87 g, 10 mmol) was added into
the silver salt solution and the precipitate was centrifuged off. The resulting IL-AMPS
solution was added 0.02 wt% 4-methoxyphenol (MEHQ) to inhibit polymerization during
drying before being dried in a vacuum oven slowly to yield white waxy solid. Methanol
was tried as a solvent because of easier drying at low temperature. However, more
methanol was needed to prepare HAMPS solution, which didn’t shorten drying time
because HMPS is less soluble in methanol. Moreover, the product using water as a
solvent gives cleaner NMR spectrum. The IL-AMPS structure was confirmed by 1H
NMR. 1H NMR ( 400 MHz, CDCl3, δ): 1.30 (m, 14H, -OCH2CH2(CH2)7-), 1.64 (m, 6H, NH-C(CH3)2), 1.72 (m, 2H, -OCH2CH2-), 1.88 (m, 2H, -NCH2CH2-), 3.00 (s, 2H, -NHC(CH3)2CH2-), 4.03 (m, 3H, -N-CH3-), 4.13 (d, 2H, -OCH2-), 4.24 (d, 2H, -N-CH2-), 5.47
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(1H, CH2=CH-), 5.82 (m, 1H, CH2=CH-), 6.10 (m, 3H, CH2=CH-), 6.37 (m, 1H,
CH2=CH-), 7.19 (d, 2H, -NCHCHN-), 8.24 (s, 1H, -NH-), 9.95( s, 1H, -NCHN-). The
reaction scheme leading to IL-AMPS is shown in Figure 6-2.

Ag2O

+

2 HAMP

IL-Br

+

AgAMPS

2 AgAMPS
IL-AMPS

+

H2O
+

AgBr

Figure 6-2. Synthesis of IL-AMPS.

6.2 Characterization of IL-AMPS
6.2.1 Melting Point
IL-AMPS stayed liquid at room temperature after being dried. However, it
became solid after being kept in a freezer for a few days and stayed solid at ambient
conditions. The melting point of the solidified sample is 35-41°C as measured by a
capillary melting point apparatus. DSC data collected through a heating-cooling-heating
cycle showed the melting point at only the first heating. The second heating cycle showed
a glass transition temperature. IL-AMPS showed a strong tendency for supercooling–the
temperatures of freezing and melting are different values.35 Theoretically, the melting
point and the crystallizing point should be the same. However, ionic liquids usually don’t
follow this. When the temperature is below the crystallizing point, nuclei, around which
crystals are formed, are necessary to form for crystallization. But the increasing viscosity
caused by decreasing temperature prevents the nucleus formation. In the absence of a
nucleus, the liquid phase could maintain down to the temperature at which it solidified
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into an amorphous solid phase. This temperature should be characterized as glass
transition temperature. The difference between the solidification and melting points could
be as high as 200 °C, which is observed with PrMeImCl. So, IL-AMPS has glass
transition temperature around -45 °C and melting point about 40 °C based on the DSC
data in Figure 6-3. Also, there is a very shallow slope for the melting on the second
heating curve, which shows that a small fraction of sample has resolidified.

Figure 6-3. DSC of IL-AMPS.

6.2.2 TGA Analysis
TGA was performed to check the thermal stability of IL-AMPS up to 580 °C by
the heating rate of 20 °C/min. The sample started to decompose at 310 °C.
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6.2.3 Dielectric Spectroscopy (DS) Analysis
IL-AMPS was measured by DS in a liquid cell at 25 °C. Figure 6-4 shows that the
conductivity is around 0.2 uS/cm between 1 Hz and 1 kHz. In addition, the conductivity
decreases after polymerization because both cation and anion are attached to polymer
chains.

Figure 6-4. Conductivity spectra of IL-APMS (25 °C).
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Chapter 7
Polymerization of IL-AMPS and Characterization of poly(IL-AMPS)
7.1 Polymerization
IL-AMPS was dissolved in DI water to prepare a 50% (w/w) solution using a
vortex shaker. The solution was transferred to shallow circular cells that have 20 mm
diameters and varying depths on a TEFLON block, which was placed into a dessicator to
dry water overnight. After drying, the wafers were passed under a UV lamp (bulb type D)
15 times at belt speed 30 feet/minute using a UV Fusion. The wafer top was cured but
bottom was still tacky, so it was inverted and exposed another 15 times resulting in
transparent and yellowish wafers 20 mm in diameter, 1-2 mm in thickness. Also ILAMPS was polymerized by UV irradiation in 50% (w/w) methylene chloride solution to
have thinner wafers after drying off solvent.
7.2 Characterization of Poly(IL-AMPS)
7.2.1 Differential Scanning Calorimetry (DSC)
DSC shows that the glass transition temperature (Tg) of poly(IL-AMPS) is 57 °C,
which is higher than ambient temperature. That is why the polymer is brittle and hard at
ambient temperature when completely dry. Poly(IL-AMPS) is very hygroscopic, and its
Tg decreases with increasing water content because water acts as a plasticizer. Figure 8-1
shows that Tg is 12 °C at a relative humidity (RH) of 11%, the Tg is -15 °C at 44% RH.
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Figure 7-1. Glass transition temperature of poly(IL-AMPS) at different relative humidity.

7.2.2 Thermogravimetric Analysis (TGA)
TGA shows that the monomer and polymer have very closely decomposing
curves and they start to decompose at 310 °C.
7.2.3 Dielectric Spectroscopy (DS)
The initial DS measurements suggested a high permittivity over a wide frequency
range. Because the strong hygroscopic property of poly(IL-AMPS) was considered, DS
measurements were performed again after the wafer was dried in a vacuum oven around
60°C overnight showing that the permittivity of poly(IL-AMPS) drops to 2.6 which is in
the range of conventional polymers. However, its permittivity increases significantly with
increasing relative humidity as shown in Figure 7-2. See details in 7.3.1. Similar
permittivity variations with other protonic solvents such as methanol indicate that the
basic mechanism of polarization is due to proton conductivity in applied fields.
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Figure 7-2. Relative humidity dependence of poly(IL-AMPS) permittivity.

The conductivity spectra of poly(IL-AMPS) sample equilibrated at 0% RH as a
function of temperature are shown in Figure 7-3. The log conductivity increases linearly
with increasing log frequency below 0 ºC. This conductivity is electronic. Beginning at
0ºC and higher temperatures, the conductivity increases markedly with increasing
temperature at lower frequencies and gradually joins the “electronic” asymptote at high
frequency. An activation energy of 95 kJ/mol was obtained after the logarithm of the
conductivities from 0 ºC and higher at 1 Hz as a function of inverse Kevin were plotted.
This is much too large an activation for electronic transport and is in the range found for
proton transport in other polymer systems. The activation energy for proton conduction in
chitosan/ammonium nitrate complexes decreases from 81 to 43 kJ/mol as the ammonium
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nitrate content is increased from 0 to 45% (w/w).36 Polyethylene oxide/ammonium
sulfate complexes exhibit decreasing activation energies, from 49 to 25 kJ/mol as the
mole ratio of NH4+/EO increases from 0 to 0.084.37 The 95 kJ/mol value obtained for
poly(IL-AMPS) at 0% RH is a reasonable value for a matrix having no basically mobile
ions. The conductivity must be provided by trace ions, most likely coming from trace
water. Each sulfonate group provides an attractive binding site for mobile protons, and
each imidazolium group provides a repulsive site for proton mobility.

Figure 7-3. Temperature dependence of poly(IL-AMPS) conductivity at RH 0%.
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7.3 Solvent Effects on poly(IL-AMPS)
The poly(IL-AMPS) wasn’t soluble in any of the common solvents that were
tested, but it swells a lot in many solvent such as water and methanol. In poly(IL-AMPS),
each side chain (cation or anion) bears a single charge type, and it is unlikely that any
polymer main chain is neutral or has exactly compensating numbers of oppositely
charged monomers. Polymer chains with charges in a whole and also many charged side
chains are strongly interacting with each other, so they have little chance to be solvated
though they may be swollen. How solvents affect the poly(IL-AMPS) permittivity and
conductivity was investigated after the poly(IL-AMPS) wafers were loaded with different
solvents.
7.3.1 Water Effect
The poly(IL-AMPS) wafer was equilibrated in saturated salt solutions that
control the relative humidity to investigate the effect of water. Four desiccators were
filled individually with saturated lithium chloride (LiCl), potassium acetate (CH3COOK),
potassium carbonate (K2CO3), and sodium chloride (NaCl) aqueous solutions, which
provide relative humidities of11%, 23%, 44% and 75%, respectively, at 25 °C. The
poly(IL-AMPS) wafer was put in a desiccator at least one day for equilibration. The
wafer was weighed right before and after it was measured with the dielectric
spectrometer.
The first poly(IL-AMPS) sample was measured at 25 ° very carefully to evaluate
a few factors including reproducibility and sample weight change during testing due to
loss of solvent. Table 7-1 column 4 suggests that there was little water loss during the DS
measurement at 25 °C, and the wafer thickness decreases with increasing relative
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humidity because the swelling wafer is more flexible and compresses more easily. The
water content of the polyIL-AMPS sample and the mole ratio of the ion pair to water are
included in Table 7-1 and are illustrated in Figure 7-4. The good reproducibility of
dielectric spectroscopy is also shown in Figure 7-5.

Table 7-1. Poly(IL-AMPS) wafer weight and water content at different relative
humidity.
Relative
humidity

Weight
(g) *

Thicknes
s (mm)

Weight
Average
change (g) weight (g)
***
**

0%

0.2422
0.2418
0.2466

1.45
1.40
1.19

0
0.0008
0.0035

0.2462
0.2498
0.2515
0.2571

1.16
0.89
0.85
0.92

0.0028
-0.0004
0.0016
0.0020

0.2574
0.2838
0.2843

0.83
0.69
0.71

0.0002
-0.0050
-0.0047

11%
24%
44%
75%

Water
content
(wt.%)

Ion pair:
water Mole
ratio

0.2420

0

1:0

0.2464

1.79

1:0.52

0.2507

3.47

1:1.03

0.2573

5.95

1:1.8

0.2841

14.82

1:4.96

* Wafer’s weight before DS measurement; ** weight change during DS measurement,
*** is average of two runs that were reequilibrated in between two runs.
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Figure 7-4. Poly(IL-AMPS) wafer water content, ion pair to water mole ratio at relative
humidity.
Even though the permittivity of poly(IL-AMPS) at relative humidity of 0% is only
2.6, it increases exponentially with increasing RH shown in Figure 7-5. This response and
the reversibility of water absorption observed repeatedly suggest such materials have
excellent potential for chemFET active dielectric layers for chemFETs in RH sensing or
RH compensating circuits. Alternatively, such materials also appear suitable for organic
thin film transistor (OTFT) based sensors.
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Figure 7-5. The permittivity of poly(IL-AMPS) at 25 °C, different relative humidity.
In RH-FETs (Field Effect Transisters) application, the organic layer is the thin
film that is water sensitive copolymer (in Figure 7-6). As the polymer layer absorbs
water, the apparent permittivity changes dramatically, and the source to drain current
changes correspondingly.
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Figure 7-6. An illustration of a field effect transister.

A few of poly(IL-AMPS) wafers were studied. As in Table 7-2, samples 1, 2, and
3 have thicknesses of 1.42 mm, 1.12 mm, and 1.31 mm, respectively, at 0% RH. Sample
2 is thinner because it was UV cured in 50% (w/w) methlene chloride solution. Clearly,
different samples give nice reproducibility in water absorption and DS data shown in
Figure 7-7.
Table 7-2. poly(IL-AMPS) ion pair to absorbed water molar ratios at different relative
humidities.
Relative humidity Sample 1 Sample 2 Sample 3
0% RH

1:0

1:0

1:0

11% RH

1:0.52

1:0.55

1:0.45

24% RH

1:1.03

1:0.95

1:1.12

44% RH

1:1.8

1:2.27

1:1.88

75% RH

1:4.96

1:4.49

1:4.88
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Figure 7-7. The permittivity of poly(IL-AMPS) samples at RH 0%, 25 °C.

7.3.2 Methanol Effect
A dried poly(IL-AMPS) wafer on a petri dish was placed into a closed container
filled with methanol to absorb methanol for a certain time, and then was measured with
the dielectric spectrometer. Table 7-3 shows that methanol content and ion pair to
absorbed methanol molar ratios. Also it indicates that Test 3 had great solvent loss during
DS measurement as 40.10%. This is because the wafer was expanded largely due to the
large absorption of methanol, leaving a big circular edge exposed to air while the
electrodes only cover the center part of the wafer during a measurement, and lost most of
the methanol absorbed in the outskirt of the wafers, which was not covered by the
electrodesduring testing.
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Table 7-3. PolyIL-AMPS wafer weight, methanol content. The dried wafer was 0.2420
g; * was the weight of the wafer with methanol; ** was weight change during DS
measurement.
test
number
1

wafer
weight (g)*
0.2587

weight
change (g)**
-0.0022

methanol content
(wt.%)
6.46

ion pair: methanol
mole ratio
1:1.10

2

0.2748

-0.0070

11.94

1:2.17

3

0.4734

-0.0928

48.88

1:15.33

The permittivitity of poly(IL-AMPS) loaded with methanol is illustrated in Figure
7-8. It was also compared with the permittivity of poly(IL-AMPS) loaded with water.
The permittivity spectra of poly(IL-AMPS) wafers loaded with the same molar ratio of
water and methanol overlapped well at higher frequency, but at low frequency, the
polymer loaded with methanol gives higher permittivity .
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Figure 7-8. The permittivitity of poly(IL-AMPS) loaded with methanol or water.

However, the method to load methanol into the polymer wafer wasn’t well
controlled. A refined environment for equilibration needs to be established.

7.3.3 Dielectric Spectroscopy of Poly(IL-AMPS) loaded with Ionic Liquid
One poly(IL-AMPS) wafer dried extensively in a vaccum oven was weighed
(0.2572 g, 0.50 mmol), and then1-butyl-3-methylimidazolium tetrafluoroborate
(BMIMBF4, 0.0562 g, 0.2490 mmol) was added on the top of the wafer to set the
poly(IL-AMPS) ion pair to IL molar ration to 2. The ionic liquid was absorbed by the
wafer overnight in a dessicator. The wafer was transferred into a 50 °C vacuum oven to
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prevent absorption of water and to speed up the equilibration between BMIMBF4 and
poly(IL-AMPS).
Another poly(IL-AMPS) wafer dried extensively in a vacuum oven was weighed,
and to it was added an equivalent amount of ethylammonium nitrate (EAN) on the top of
the wafer to keep the mole ratio of the polymer ion pair to EAN as one. Because of the
small size of the wafer (0.2727 g, 0.5315 mmol) and the big difference of molecular
weight between IL-AMPS and EAN (513 to 108), only 0.0574 g (0.5315 mmol) EAN
was added. The attempt to keep the mole ratio of the polymer ion pair to EAN as 2 didn’t
succeed. The wafer was kept in a 50 °C vacuum oven overnight after the EAN drops sank
into the wafer. The carefully prepared poly(IL-AMPS) wafers were kept in a dessicator
before the dielectric measurements.

Figure 7-9. Dielectric spectra of poly(IL-AMPS) loaded with RTILs.
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The effects of loading poly(IL-AMPS) with ethylammonium nitrate (EAN) are
shown in Figure 7-10 where the EAN was loaded at a level of one formula unit per
polymer ion pair. The conductivity spectra for EAN loading look very similar to those in
Figure 8-1 for the HPF6 loaded polymer. The activation energy for proton transport in the
EAN loaded polymer above 25ºC is the same as for the HPF6 loaded case (35.5 kJ/mol).
The activation energy found for conductivity in the neat EAN (a room temperature ionic
liquid) is 12.6 kJ/mol,38 one third the value in the high charge density polymer. The
difference in the neat and polymer-loaded ILs activation energies represents the
obstruction imposed by the polymer matrix.

Figure 7-10. Conductivity spectra of poly(IL-AMPS) loaded with EAN (1:1, m/m).
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Chapter 8
The Dielectric Properties of Poly(IL-AMPS) Loaded with Acids and Salts
Lately, the fast development of portable electronic devices, e.g. mobile phones,
laptops, PDAS, and digital cameras demands powerful batteries, which inspired the
research and developing of polymer materials for lithium ion conducting polymers. In
addition, sufficiently high ionic conductivity for protons in polymeric systems is a major
challenge in the development of polymer electrolyte membrane fuel cells (PEMFCs),
which may solve the shortage of petroleum energy by using hydrogen. Polymer
electrolytes as solid electrolytes have quite a few advantages: the absence of liquids or
gases that may leach out damaging the cell, a long lifetime because of the good thermal
stability of the materials, and a working temperature range larger than that of liquid
electrolyte-based system. Here, our poly(IL-AMPS) has high charge density, an
imadazolium group, a sulfonate group, and also an eleven carbon chain spacer to offer
flexibility promoting ion mobility. Its potential for fabrication for batteries and fuel cells
was investigated by loading lithum and silver salts, and acids.
8.1 Poly(IL-AMPS) Loaded with Acids
Fuel cells are energy conversion devices that work efficiently to transfer the
chemical energy in hydrogen to electricity. Fuel cell development for vehicles and many
portable electric devices has focused on polymer electrolyte membrane fuel cells
(PEMFCs). In PEMFCs, proton transport in water free organic media requires structures
that reversibly associate with protons. Conductivity arises from proton hopping between
anion groups, that are part of the polymer matrix. One typical anion is sulfonate, which
stimulates high proton conductivity. The poly(IL-AMPS) system provides sulfonate
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groups along the polymer main chain, which may make it a good candidate for protonic
conductivity for PEMFCs. Hexafluorophosphate acid (HPF6) and triflic acid (CF3SO3H)
were loaded into our polymer membranes for study.
8.1.1 Poly(IL-AMPS) loaded with HPF6
Hexafuorohposphate acid (HPF6) was chosen due to our expectation of the PF6⎯
having a strong binding to the imidazolium group. We thought this tight binding would
decrease the repulsive cationic field in the matrix and make proton conductivity high.
Aqueous HPF6 (0.1312 g 60% ,w/w, 0.5392 mmol) was added to the top of a completely
dried poly(IL-AMPS) wafer (0.2778 g, 0.5415 mmol) with a syringe to provide one HPF6
formula unit to one charge pair unit in the polymer. The wafer was left under a ventilated
hood overnight. It was placed into the 75% RH. dessicator for 7 hours to promote the
equilibration throughout the polymer membrane and then was dried in a vacuum oven at
50 °C overnight before it was examined by dielectric spectroscopy.
The resulting conductivity spectra are illustrated in Figure 9-1 from –100°C to
125°C. The limiting curves at –75°C and –100°C illustrate the electronic conductivity of
the bulk polymer. The protonic conductivity dramatically increases at lower frequencies
with increasing temperature. At 10 kHz and above, the conductivity reaches 1 mS/cm at
125°C, and at 25°C the conductivity averages approximately 3 μS/cm. The activation
energy for protonic conduction for the 0% relative humidity (RH) over 75-125°C is 35.5
kJ/mol. This represents a 63% decrease in activation relative to that obtained in the pure
poly(IL-AMPS), as illustrated in Figure 8-3. This dramatic effect is from removal or
diminishing of the imidazolium repulsive potential sites, as a consequence of these
groups being screened by binding with the added PF6¯groups.
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Figure 8-1. Conductivity spectra of polyIL-AMPS loaded with HPF6 (1:1)

Similar spectra recorded at 23% RH and at 44% RH resulted in lower activation
energies of 29.2 kJ/mol and 14.6 kJ/mol, respectively. At 44% RH, the water content
corresponds to about 2 water molecules per formula unit and is still far from being
saturated with water. These performance parameters suggest HPF6 modified poly(ILAMPS) proton exchange membranes are likely competitive with existing high
conductivity membranes. Reports of activation energies for proton conductivity in Nafion
117 39 range over 11.2-14 kJ/mol for membranes saturated with water (100% RH). The
poly(IL-AMPS) HPF6 membrane has an activation barrier of only 14.6 kJ/mol with only
2 water molecules per sulfonate, and this barrier is expected to drop dramatically further
as water loading is increased. Further measurements have suggested this is indeed the
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case, but the broadband spectroscopy begins to fail, due to electrode polarization, when
the conductivity exceeds 0.01 S/cm.
8.1.2 Poly(IL-AMPS) loaded with CF3SO3H
The corresponding amount of triflic acid (CF3SO3H) was loaded into a poly(ILAMPS) to match one acid unit per ion pair of the polymer. The loaded wafer was placed
into a 75% RH dessicator for 2 days and then was kept in a 60 °C oven for 8 hours to
promote equilibration, and then was dried in a vacuum oven at 60 °C overnight. The
conductivity in Figure 8-2 shows that the conductivity of the polymer with CF3SO3H is
lower than the conductivity of the polymer with HPF6 at all temperatures over the full
frequency range.

Figure 8-2. Conductivity spectra of poly(IL-AMPS) loaded with CF3SO3H (1:1).
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8.1.3 Copolymer of IL-AMPS, HAMPS and SR 494
The completely dried poly(IL-AMPS) is hard and brittle; therefore, SR 494, a
cross-linker illustrated in Figure 8-3, was added to improve the mechanical strength.

Figure 8-3. Structure of SR 494.

IL-AMPS, HAMPS and SR 494 (1:1:0.03, m/m/m) was dissolved in methanol,
and the mixture was polymerized by UV irradition after most solvent was evaporated.
The dielectric spectroscopy was performed after drying in vacuuo. The conductivity of
the copolymer was 6.7 uS/cm at 1 Hz and 125 °C as shown in Figure 8-4. It is much
lower than the conductivity of poly(IL-AMPS) loaded with equal molar
hexafluorophosphate acid or triflic acid, which are 0.26 mS/cm and 0.21 mS/cm,
respectively. There are two reasons for this: (1) the absence of mobile anions because all
anions AMPS¯ are attached to the polymer chain, and (2) the cross-linking through SR
494 decreasing the mobility of polymer segments.
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Figure 8-4. Conductivity spectra of Copolymer of IL-AMPS, HAMPS and SR 494.

8.2 Poly(IL-AMPS) Loaded with Salts
Ionic liquids are good electrolytes because of their thermal stability and high ionic
conductivity. There are three ways to incorporate IL into PEM. The polymerized ionic
liquid is very effective to transport only target ions, to generate carrier ion, and to
improve mechanical properties more than the other two ways which have mobile ionic
liquids. It’s well known that the ionic liquid polymers ease the dissociation of lithium
salts in the matrix. But the polymerization of ILs leads to a decrease of ionic conductivity
because the mobility of ions decreases due to the increase of the glass transition
temperature. One solution is to have flexible spacers, long hydrocarbon chains between
the polymerizable group and the pendent imidazolium. High ionic conductivity is
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achieved because of the high flexibility of IL domain. That’s what was designed with
poly(IL-AMPS) to accomplish.
Fast ionic conductivity with Ag+ and Li+ were investigated here because many
useful batteries are formulated with such mobile cations.
8.2.1 PolyIL-AMPS loaded with Lithium triflate
Lithium triflate is a very common lithium salt that has been investigated in many
PEM systems for battery application.
The required amount of lithium triflate in methanol solution was added to a dried
poly(IL-AMPS) wafer to match lithium ion to the polymer ion pair mole ratio 1. The
wafer was placed into a closed container filled with methanol to help evenly distribute
lithium salt, and then it was dried in a vacuum oven around 70 °C. The corresponding Li+
ionic conductivity spectra in Figure 9-5 show how the ionic conductivity develops from
25°C upwards, and how the underlying electronic component nicely reproduces that
shown with other systems. The overall shape and progression of ionic conductivities are
qualitatively similar to the H+ systems. The room temperature (25°C) ionic conductivity
of 10-10 S/cm increases markedly with temperature to about 4x10-5 S/cm at 125°C.
Lithium ionic conductivities of 0.1-10 mS/cm are needed for practical
applications of solid polymer electrolytes, such as in engine vehicle applications
operating at 85°C or above.22 Conductivity enhancements are also being obtained by
forming (solid polymer electrolytes) SPE/nanoparticle composites, wherein the
nanoparticles are Li+ conducting.40 Preloading of the poly(IL-AMPS) wafer with an
equivalent of LiPF6 is expected to provide a significant increase in ionic conductivity, in
analog to the improvement obtained in poly(IL-AMPS) wafers loaded individually with
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HPF6 and CF3SO3H. Further enhancement may be obtained by combining conducting
nanoparticles with IL-AMPS prior to polymerization to obtain a composite SPE.

Figure 8-5. Conductivity spectra of poly(IL-AMPS) loaded with lithium triflate(1:1).

8.2.2 PolyIL-AMPS Loaded with LiPF6
Loading lithium hexafluorophosphate (LiPF6) into the polymeric wafer took a lot
of effort. While the solubility of LiPF6 could hardly be found in the reference literature,
we attempted to dissolve it in many common solvents without success. Finally, dimethyl
carbonate was found to dissolve lithium hexafluorophosphate at around 15 wt.% with
very little impurity left. However, DMC doesn’t swell poly(IL-AMP) much, so lithium
hexafluorophosphate was left on the top of the polymer wafer. One wafer was immersed
into LiPF6/DMC solution, which has the same molar amount of LiPF6 as the ion pair of
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poly(IL-AMPS) for one day. The other wafer was immersed for one day into LiPF6/DMC
solution which had double the amount needed LiPF6 to keep the molar ratio of polymer
ion pair to lithium ion 1. After being completely dried in a vacuum oven, the loading
molar ratios of two wafers of membrane ion pairs to LiPF6 were 1:0.56 and 1:0.90. The
conductivity spectra of poly(IL-AMPS) loaded with LiPF6 (1:0.9, Figure 8-6) was very
close to the conductivity spectra of poly(IL-AMPS) loaded with CF3SO3Li (1:1, Figure 85). It shows that anions of PF6¯ and CF3SO3¯ have similar effects on the conductivity of
lithium ion loaded into poly(IL-AMPS) matrix.

Figure 8-6. Conductivity spectra of poly(IL-AMPS) loaded with LiPF6 (1:0.9).

8.2.3 PolyIL-AMPS Loaded with Silver Tosylate
A 20-mm diameter poly(IL-AMPS) wafer was loaded with about one silver
tosylate per IL-AMPS formula unit by placing a stoichiometric amount of Ag-tosylate
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dissolved in acetonitrile on top of a poly(IL-AMPS) wafer. After solvent evaporation, the
wafer was placed in a small Petri dish and wetted again with acetonitrile and annealed for
a few hours at 70ºC. Then the sample was rolled up into a “ball” because of being torn
apart while handling, and then it was dried in a vacuum oven at 90ºC to remove all
solvent. Finally the sample was compressed between electrodes so that it was 20-mm in
diameter, and it was then examined by dielectric spectroscopy.

Figure 8-7. Conductivity spectra of poly(IL-AMPS) loaded with silver tosylate (1:1).
The resulting conductivity spectra are illustrated in Figure 9-6 over the –50 to
125°C range. A relatively high Ag+ ionic conductivity of about 0.2 mS/cm is obtained at
125°C and about 10-7 S/cm at 25°C. The electronic component is given by the -50°C data,
where ionic motion is largely arrested. Typical fast ionic conductivities for silver battery
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materials are in the range of 0.01-1 S/cm. The further modifying of such silver ion
containing wafers by loading with one AgPF6 per IL-AMPS unit should increase the Ag+
conductivity appreciably.
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Chapter 9
The Conductivities of Poly(IL-AMPS) Crosslinked with PEGDA and Doped with
Lithium Salts
To increase the ionic conductivity of poly(IL-AMPS) for lithium ion, the
polyethylene glycol diacylates were added as crosslinkers at very low amounts.
Yoshizawa et al. studied PEO derivatives having both viny group and imidazolium on
their end and also having different ethylene oxide (EO) unit numbers. We drew the
conclusion that the ionic conductivity of ionic liquid polymers increased with increasing
EO unit number.33 In addition, we hoped the crosslinked polymer may have better
mechnical properties because the homopolymer of IL-AMPS is very brittle in a
completely dried stage at room temperature.
Polyethylene glycol (200) diacrylate (PEGDA 200) and polyethylene glycol (400)
diacrylate (PEGDA 400) in Figure 9-1 were the crosslinkers polymerized with IL-AMPS,
where n is about 2 for PEGDA 200 and n is about 7 for PEGDA 400. In total, there is
about 4 and 9 ethylene oxide (EO) units on a molecule for PEGDA 200 and PEGDA 400,
respectively. The average molecular weights are about 310 and 510. While the same
weight of PEGDA 200 and PEGDA 400 were added separately into the same weight of
IL-AMPS as a crosslinker, the crosslinking density is 1 and 0.6, and the EO molar ratio is
1 and1.3 for PEGDA 200 and PEGDA 400, respectively.

Figure 9-1. Structures of Polyethylene glycol (200) diacylate and Polyethylene glycol
(400)diacylate.
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9.1 The Conductivities of Poly(IL-AMPS) Crosslinked with PEGDA
Both PEGDA 200 and PEGDA 400 could produce soft and flexible films, which
are desired for poly(IL-AMPS). Polyethylene oxide (PEO) is the typical polymer
electrolyte membrane (PEM) commonly used because of the dipole moment for pseudo
solvation to ions and low glass transition temperature, which help the dissociation of
added salts and transportation of ions, respectively.26
After removing inhibitor, PEGDA 200 and PEGDA 400 aqueous solutions were
prepared since very little was needed for crosslinking. Then a certain amount of ILAMPS was mixed with the PEGDA 200 or PEGDA 400 to keep the weight concertration
of crosslinkers relative to monomers at 1%, 5%, and 10%. The mixtures were mixed
vigorously by a vortex shaker, and then were transferred into circular cells on TEFLON
blocks. After sitting at ambient condition overnight (RH<20%) to dry off water, samples
were cured through UV irradiation. The conductivities of samples were measured with a
dielectric spectrometer after being dried in a vacuum oven at 60°C overnight. The
conductivity spectrua of polymeric wafers at different temperature are illustrated in
Figure 9-2 through Figure 10-7. For easy comparison, the conductivity of crosslinked
wafers from 25°C to 125°C at 1Hz are summarized in Table 9-1 and also that of noncrosslinked poly(IL-AMPS).
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Table 9-1. Conductivities of crosslinked poly(IL-AMPS) at 1Hz and different
temperatures.
* is crosslinker type and weight percentage; ** unit is S/cm.
Polymeric wafers

125°C

100°C

75°C

50°C

25°C

No crosslinker

1.50e-06**

3.20e-07

2.55e-08

4.72e-10

7.18e-12

PEGDA200-1%*

2.10e-06

3.87e-07

3.18e-08

8.72e-10

6.55e-12

PEGDA400-1%

1.87e-06

1.50e-07

3.79e-09

1.01e-10

1.32e-11

PEGDA200-5%

1.80e-06

3.90e-07

3.68e-08

9.88e-10

7.94e-12

PEGDA400-5%

1.98e-07

3.34e-08

2.31e-09

4.52e-11

1.40e-12

PEGDA200-10%

1.54e-07

3.63e-08

3.08e-09

7.74e-11

1.72e-12

PEGDA400-10%

1.35e-07

2.87e-08

1.94e-09

3.34e-11

1.10e-12

Generally, the conductivities of cross-linked polymers decrease with the
increasing weight percentage of crosslinker. A possible cause is that the polymer matrix
becomes hindered in some way with increasing crosslinking. When crosslinker
crosslinks polymer chains, it certainly restrains the mobility of the polymer chain, which
may lower their ionic conductivity.
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Figure 9-2. Conductivity spectrum of poly(IL-AMPS)- PEGDA 400 (10%).

Figure 9-3. Conductivity spectrum of poly(IL-AMPS)- PEGDA 200 (10%).
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Figure 9-4. Conductivity spectrum of poly(IL-AMPS)- PEGDA 400 (5%).

Figure 9-5. Conductivity spectrum of poly(IL-AMPS)- PEGDA 200 (5%).
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Figure 9-6. Conductivity spectrum of poly(IL-AMPS)- PEGDA 400 (1%).

Figure 9-7. Conductivity spectrum of poly(IL-AMPS)- PEGDA 200 (1%)
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9.2 The Conductivities of Poly(IL-AMPS) Crosslinked with PEGDA and Loaded
with CF3SO3Li
A certain amount of lithium triflate methanol solution was added to the top of six
samples of crosslinked poly(IL-AMPS): poly(IL-AMPS)- PEGDA 200 (10%), poly(ILAMPS)- PEGDA 400 (10%), poly(IL-AMPS)- PEGDA 200 (5%), poly(IL-AMPS)PEGDA 400 (5%), poly(IL-AMPS)- PEGDA 200 (10%), and poly(IL-AMPS)- PEGDA
400 (10%). A syringe was used to keep the delivery accurate so that the molar ratio of
polymer ion pair to lithium ion was 1. After a few hours equilibration in ambient
condition, loaded samples were dried in a vacuum oven at 60 ºC overnight for dielectric
spectroscopy measurement.
After being dried, the samples were translucent and uniform because lithium
triflate has very good solubility in methanol (a nearly 50% solution could be prepared)
and methanol can swell the wafers well, which helps lithium salt get into and around in
the wafer. However, after being dried, the loaded molar ratio of polymer ion pair to Li+
was not always 1 unit (see Table 9-2) due to “handling” losses. Also, poly(IL-AMPS)PEGDA 200 (10%) and poly(IL-AMPS)- PEGDA 400 (10%) samples broke apart
because higher crosslinking desity couldn’t support much solvent swelling.

Table 9-2. The loaded molar ratio of polymer ion pair to Li+ (CF3SO3Li)
PEGDA 200 (1%)* PEGDA 400 (1%) PEGDA 200 (5%) PEGDA 400 (4%)
1 : 0.97

1:0.72

1:0.51

1:0.87
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Figure 9-8. Conductivity spectrum of poly(IL-AMPS)- PEGDA 200 (1%)-CF3SO3Li.

Figure 9-9. Conductivity spectrum of poly(IL-AMPS)- PEGDA 400 (1%)-CF3SO3Li.
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Figure 9-10. Conductivity spectrum of poly(IL-AMPS)- PEGDA 200 (5%)-CF3SO3Li

Figure 9-11. Conductivity spectrum of poly(IL-AMPS)-PEGDA 400 (5%)-CF3SO3Li.
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Figures 9-8 to 9-11 show the conductivity spectra of cross-linked poly(IL-AMPS)
loaded with lithium triflate. The conductivity of the polymer with 1% PEGDMA400 has
similar conductivity to that of the non-crosslinked polymer loaded with lithium trifalte
(Figure 8-5). Among four compositions of crosslinked polymers, the composition with
1% PEGDMA400 cross-linker has the lowest cross-linking density and relatively high
PEO content. The ratios are 1:0.6 and 1:1.3, respectively, with regard to the polymer with
1% PEGDMA200.
9.3 The Conductivities of Poly(IL-AMPS) Crosslinked with PEGDA and loaded
with LiPF6
The Poly(IL-AMPS) wafers were imbibed into LiPF6/DMC solution, which has
double the amount of needed LiPF6 to keep the molar ration of polymer ion pair to
lithium ion 1 for one day. The loaded ratio is close to 1 unity for wafers with 1%
crosslinker added in Table 9-3. For the wafers with 5% crosslinker added, the loaded
ratios were much lower and are shown in parentheses after the same treatment because
the crosslinking density is 5 times as the corresponding wafers with 1% crosslinker. Also,
we can see that the loaded lithium salts with wafers crosslinked with PEGDA 200 are
lower than those crosslinked with PEGDA 400 while having the same weight percentage
of crosslinker. That’s because the crosslinking density of the wafers with PEGDA 200 to
those of the wafers with PEGDA 400 is 1 to 0.2 at the same weight percentage of
crosslinker addition. The higher the crosslinking density, the more difficult to absorb the
lithium salt from solution. Furthermore, the same wafer samples with 5% crosslinker
treated already were placed in LiPF6/DMC with the triple amount of LiPF6 needed to
keep the molar ratio of polymer ion pair to Li+ as 1 unity.
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Table 9-3. The loaded molar ratio of polymer ion pair to Li+ (LiPF6).
PEGDA 200 (1%)* PEGDA 400 (1%) PEGDA 200 (5%) PEGDA 400 (4%)
1:0.74

1:0.84

1: 0.58* (0.42**)

1:1.07 (0.57)

* the first time treatment, ** the second time treatment.

Figure 9-12. Conductivity spectrum of poly(IL-AMPS)- PEGDA 200 (1%)-LiPF6.
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Figure 9-13. Conductivity spectrum of poly(IL-AMPS)-PEGDA 400 (1%)-LiPF6.

Figure 9-14. Conductivity spectrum of poly(IL-AMPS)-PEGDA 200 (5%)-LiPF6.
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Figure 9-15. Conductivity spectrum of poly(IL-AMPS)-PEGDA 400 (5%)-LiPF6.

Figures 9-12, 13, 14, and 15 illustrate the conductivity spectra of the cross-linked
poly(IL-AMPS) loaded with lithium hexafluorophosphate. They all are very similar to the
cross-linked poly(IL-AMPS) loaded with lithium triflate. Further modifications are
needed to improve the performance of lithium ion conductivity of the polymeric
materials, such as copolymerization of IL-AMPS and PEO.
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Chapter 10
Conclusion
10.1 Study of IL-BF4
The polymerizable ionic liquid surfactant, IL-BF4, was synthesized and
characterized by 1H NMR, TGA, and DSC. The average melting point of IL-BF4 was
36±3 °C. IL-BF4 showed an onset of decomposition at approximately 360 °C by TGA.
The ternary phase diagram of the IL- BF4/MMA/water-propanol (1-1, w-w) system was
constructed at 25 and 60 °C in order to determine the boundary points between the singlephase microemulsion and two-phase emulsion domains. The region above 75% IL-BF4
weight fraction was not investigated.
The microemulsion (IL-BF415 wt%, MMA 15 wt%, 1-propanol 35 wt%, H2O 35
wt%, EGDMA 2 wt%) was polymerized to produce a thick film (2-3 mm in thickness).
The resulting transparent hydrogel turned opaque after being immersed in 0.1 M aqueous
KPF6 solution. The opaque film became transparent after being immersed in dimethyl
sulfoxide (DMSO). Then the gel converted to an opaque film again after being immersed
in water. These remarkable properties present a novel class of microporous polymers for
many applications such as antimicrobial filtration, fire resistant foams, controlled
chemical release, and drug delivery.40
A series of solution thermal polymerizations with different ratios of IL-BF4 and
MMA were carried out in dimethylformamide (DMF). The molecular weight analysis
showed relatively similar molecular weights (Mw), which are around 100,000 until ILBF4 reached 70% (w/w). From this point Mw starts to decrease with increasing IL-BF4
content. The IL-BF4 homopolymer Mw is much smaller than Mw of copolymers. Their Tg
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decreases as IL-BF4 content increases. Interestingly, the homopolymer presented two Tg s
and Tm, which is around room temperature (19-40°C). TGA analysis was performed with
the series of copolymers including PMMA and a homopolymer, poly(IL-BF4).
Apparently, poly(IL-BF4) has better thermal stability than PMMA, and also the trend, the
thermal stability of copolymer increasing with increasing content of IL-BF4, was
observed.
Suspension polymerization of IL-BF4/MMA/CHCl3 (5/5/90, w/w/w) was carried
out. A film was formed by casting. It was transparent, and then it turned to opaque after
being ion-exchanged in 0.1 M aqueous KPF6. The glass transition temperatures of these
two films after being dried in a vacuum oven were -29°C and -21°C, and they started to
decompose at 330 °C and 350 °C, respectively. In addition, they have porous
microstructures.
Solution polymerization of IL-BF4/MMA/CH2Cl2 (5/5/90, w/w/w) was
performed. The film was formed by casting. It was transparent, and then it turned opaque
after being ion-exchanged in 0.1 M aqueous KPF6. SEM analysis demonstrated the films
had porous structures.
10.2 Study of IL-AMPS
IL-AMPS, an ionic liquid, was synthesized and polymerized. Preliminary data for
some polymetric materials derived from poly(IL-AMPS) and fabricated with some
solvents, acids, and salts suggest that these materials are suitable for sensors, fuel cells
and batteries.
IL-AMPS is a hygroscopic, ionic liquid surfactant. It has difficulty crystallizing,
which is common for ILs. However, it can solidify, and the solidified sample has a
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melting point about 40 °C. It decomposes around 310 °C and has a conductivity around
0.2 uS/cm between 1 Hz and 1 KHz at 25 °C. IL-AMPS has reactive carbon double
bonds on both the cation and the anion and can be easily polymerized through UV
irradiation without photoinitiators.
Poly(IL-AMPS) has a glass temperature at about 57 °C, which is why it is hard
and brittle at room temperature. It decomposes at 310 °C. The permittivity of completely
dried poly(IL-AMPS) is 2.6, which is inside the range of conventional polymers.
However, it increases significantly with increasing relative humidity. This response and
the reversibility of water absorption suggests that such materials have excellent potential
as active dielectric layers for chemFETs in RH sensing or RH compensating circuits.
Alternatively, such materials also appear suitable for organic thin film transistor (OTFT)
based sensors.
The conductivity spectra of poly(IL-AMPS) loaded with ethylammonium nitrate
(EAN) at a level of one formula unit per polymer ion pair look very similar to the spectra
with HPF6 loaded polymer. The activation energy for proton transport in the EAN loaded
polymer above 25 ºC is 35.5 kJ/mol. The activation energy found for conductivity in the
neat EAN (a room temperature ionic liquid) is 12.6 kJ/mol,43 one third the value in the
high charge density polymer. The difference in the neat and polymer-loaded ILs
activation energies represents the obstruction imposed by the polymer matrix.
The protonic conductivity of poly(IL-AMPS) loaded with HPF6 at a level of one
formula unit per polymer ion pair dramatically increases at lower frequencies with
increasing temperature. At 10 kHz and above, the conductivity reaches 1 mS/cm at 125
°C, and at 25 °C, the conductivity averages approximately 3 μS/cm. The activation
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energy for protonic conduction for the 0% relative humidity (RH) over 75-125°C is 35.5
kJ/mol. This represents a 63% decrease in activation relative to that obtained in the pure
poly(IL-AMPS). This dramatic effect is from removal or diminishing of the imidazolium
repulsive potential sites due to these groups being screened by binding with the added
PF6¯ groups. Similar spectra recorded at 23% RH and at 44% RH resulted in lower
activation energies of 29.2 kJ/mol and 14.6 kJ/mol, respectively. At 44% RH, the water
content corresponds approximately to about 2 water molecules per formula unit and is
still far from being saturated with water. These performance parameters suggest HPF6
modified poly(IL-AMPS) proton exchange membranes are likely competitive with
existing high proton conductivity membranes. The poly(IL-AMPS) triflate acid modified
membrane has a little lower conductivity than those of HPF6 modified poly(IL-AMPS)
proton exchange membranes.
IL-AMPS, HAMPS and SR 494 (1:1:0.03, m/m/m) were polymerized by UV
irradiation. The conductivity of the copolymer was 6.7 uS/cm at 1 Hz and 125 °C. It is
much lower than the conductivity of poly(IL-AMPS) loaded with equal molar
hexafluorophosphate acid or triflate acid, which are 0.26 mS/cm and 0.21 mS/cm,
respectively. This is because of the absence of mobile anions and all the AMPS¯ anions
are attached to the polymer chain; also, the crosslinking through SR 494 decreases the
mobility of polymer segments.
The overall shape and progression of ionic conductivities of poly(IL-AMPS)
loaded with lithium triflate are qualitatively similar to the H+ systems. The room
temperature (25°C) ionic conductivity of 10-10 S/cm increases markedly with temperature
to about 4x10-5 S/cm at 125°C. The conductivity spectra of poly(IL-AMPS) loaded with
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LiPF6 (1:0.9, mol:mol) was very close to the conductivity spectra of poly(IL-AMPS)
loaded with CF3SO3Li (1:1). It shows that anions of PF6¯ and CF3SO3¯ have similar
effects on the conductivity of lithium ion in poly(IL-AMPS).
The polymerizations of IL-AMPS with polyethylene glycol (200, 400) diacrylates
were carried out at 1%, 5%, and 10% by weight. Then lithium salts were loaded into the
polymer wafers with 1% and 5% cross-linker. The conductivity spectra didn’t show
improvement compared to the non-crosslinked homopolymer loaded with lithium salts.
For poly(IL-AMPS) loaded with silver tosylate, a relatively high Ag+ ionic
conductivity of about 0.2 mS/cm is obtained at 125°C and about 10-7 S/cm at 25°C. The
electronic component is given by the -50°C data, where ionic motion is largely arrested.
Typical fast ionic conductivities for silver battery materials are in the range of 0.01-1
S/cm. Further modifying such silver ion-containing wafers by loading with one AgPF6
per IL-AMPS unit should increase the Ag+ conductivity appreciably.

Future Work
The melting point of the homopolymer of IL-BF4 is around room temperature. A
few batches of homopolymer prepared had Tm from 19-40 ºC without good
reproducibility. Further study may be rewarding to produce ionic liquid polymers which
are liquid around room temperature.
In this study, IL-AMPS was polymerized by UV irradiation producing wafers,
which are convenient for DS measurement but difficult to load with acids and salts for
modification. Thermal solution polymerization may produce polymer powders that are
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easy to mix with acids and salts, and nanosized metal particles. Then thin film can be
cast for further study.
Conductivity enhancements are also being obtained by forming (solid polymer
electrolytes) SPE/nanoparticle composites, wherein the nanoparticles are Li+ conducting.
Further enhancement may be obtained by combining conducting nanoparticles with ILAMPS prior to polymerization to obtain a composite SPE.
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